ABSTRACT: Studies on mucociliary clearance (MCC) in cystic fibrosis (CF) have produced conflicting results. This study aimed to differentiate primary (ion transportrelated) from secondary (inflammatory) causes of delayed MCC in CF.
The mucociliary escalator is one of the primary innate defence mechanisms of the lung, playing a central role in pulmonary health. It consists of two intrinsically linked components: the ciliated epithelium and the airway surface liquid (ASL); the combined function of which is efficient removal of foreign material and cellular debris from the lungs. The ciliated epithelium extends from the inferior turbinate in the nose to the distal small airways. It is covered by the ASL, which is composed of two distinct layers: the periciliary liquid (PCL) and the mucus layer [1] . The bodies of the cilia are surrounded by the PCL, which is approximately the same height as an outstretched cilium, whilst the tips are in contact with the overlying layer of mucus. The mucus layer consists of heavily glycosylated macromolecules known as mucins that behave as a tangled network of polymers, binding and trapping inhaled particles to facilitate clearance from the lung [2] . In contrast, the PCL is of low viscosity and provides the medium in which the cilia beat, propelling the overlying mucus layer in a caudal to cranial direction. Normal composition and depth of the PCL is thought to be crucial in this mechanism. Thus, optimal mucociliary clearance (MCC) involves the interaction of the airway epithelium including the cilia, the PCL (which must be of normal depth and chemical composition), and airway mucus of normal composition and rheology.
Cystic fibrosis (CF) is a multi-system disorder characterised by chronic bacterial airway infection, excessive airway inflammation and eventual bronchiectasis. The pathophysiology of CF lung disease remains uncertain, although prolonged MCC appears to be central to most current hypotheses [3] . The primary defect in CF is either absence or reduced function of the cystic fibrosis transmembrane conductance regulator (CFTR) protein, a cAMP-dependent chloride channel, which results in abnormal ion transport across the apical surface of epithelial cells [4] . CFTR is expressed in many epithelial tissues [5] , including those of the upper and lower airways, pancreas, sweat duct and gastrointestinal system. However, the lack of normal function within the lower airway causes the greatest degree of morbidity and mortality [6] .
In addition to its function as a chloride channel, CFTR has other functions, including an inhibitory effect on the epithelial sodium ion channel [7] . The low-volume hypothesis of disease pathogenesis suggests that a lack of normal CFTR function within the CF airway leads to increased sodium and water absorption resulting in reduced ASL volume [3, 8, 9] . Reduction in volume of the PCL results in the cilia becoming embedded in the dehydrated mucus, uncoupling of the ciliamucus interaction and impaired MCC [3] . This gluing or "velcro" effect between mucins also inhibits cough clearance. TARRAN et al. [9] have confirmed in vitro that ASL volume is regulated by active ion transport. Additionally, the authors showed that the mucus layer acts as a reservoir with bidirectional flow of fluid between it and the PCL to maintain optimal volume for ciliary activity and active mucus transport. In CF, however, disruption of ASL volume regulation could mean that the fluid debt of the PCL exceeds the capacity of the mucus layer to buffer it. Thus, one can postulate that CF lung disease results from depletion of the ASL volume and impaired MCC. Inhaled pathogens fail to be cleared and chronic infection ensues. Airway damage arises from a combination of toxic bacterial products [10, 11] and an exaggerated host inflammatory response [12] . In addition to the hydration of the ASL, there may be other factors which could impair MCC in CF. For example, CF mucins are known to be over-sulphated [13] . Following infection, CF sputum becomes increasingly viscous due to its high extracellular DNA content [14] , whilst various exoproducts of the common bacterial pathogen, Pseudomonas aeruginosa, may slow ciliary beat frequency and disrupt ciliary orientation [10] .
Despite this hypothesis and the supporting in vitro data, clinical studies of MCC in the upper and lower airways of CF subjects have produced conflicting results. Some studies report normal MCC in CF [15, 16] , others demonstrate similar abnormalities in CF and other disease groups [17, 18] or impaired MCC in CF patients [19] [20] [21] [22] [23] [24] , leading to uncertainty as to whether any observed impairment is related to the low volume hypothesis or results from "secondary" phenomena such as inflammation. The adverse effect of inflammatory damage has been confirmed in studies of non-CF bronchiectasis [17, 18] , asthma [24] and chronic sinonasal disease [17, 25] . The majority of CF studies have been performed in adults; sinusitis is common in this age group [26] , and distinction of a primary from secondary effect is therefore difficult. Such differentiation could have important therapeutic implications, for example, in the timing of interventions designed to improve MCC [27, 28] or reduce inflammation [29] . The present authors attempted to clarify this issue by measuring MCC in children with and without CF, and in CF adults with and without chronic sinusitis (CS).
Methods

Subjects
Paediatric subjects were recruited from the outpatient department of the Royal Brompton Hospital. Three groups of children were studied, as follows. 1) CF: 18 children (eight males, median (range) age 11 yrs (9.5-15)) who had been diagnosed on conventional biochemical or genetic testing [30] (10 homozygous and seven heterozygous for the DF508 mutation; in the remaining CF child, neither mutation was identified). 2) Primary ciliary dyskinesia (PCD): 11 children (seven males, age 12 yrs (9-14.7)) whose diagnosis had been established on nasal brush biopsy [31] were included as positive controls for delayed MCC. 3) No respiratory disease (NRD): 21 children (13 males, age 12 yrs (9.5-16)) with simple non-cyanotic cardiac disease without dextrocardia were recruited as negative controls. Previous work has shown no increase in the incidence of ciliary abnormalities in this group [32] .
Twenty-eight adults with CF (17 males; age 23 yrs (16-55)) were recruited from the outpatient department of the Royal Brompton Hospital, using similar exclusion criteria to those above. None of the subjects studied admitted to smoking. Nine CF subjects were homozygous and seven heterozygous for the DF508 mutation. CFTR genotype was unknown in 12 subjects. Subjects were determined to have chronic sinusitis (CS zve) or not (CS -ve) by a validated symptom questionnaire (see Appendix 1) [33] . Exclusion criteria for both groups included the presence of nasal polyps (determined by clinical examination by an experienced clinician on the day of testing) or intercurrent upper respiratory tract infection. The study was approved by the Ethics Committee of the Royal Brompton and Harefield NHS Trust and subjects or parents gave informed consent.
Measurement of nasal mucociliary clearance
MCC was measured by the saccharin clearance technique [34, 35] . After subjects had blown their nose clear of secretions, a 2-mm diameter piece of saccharin was placed with Hartmann9s crocodile forceps at the anterior edge of the inferior turbinate under direct vision through an auroscope. Subjects were then asked to sit forward, breathe through their mouth, not to sniff and to swallow normally. The time taken from placement of the saccharin to tasting on the back of the tongue was recorded. The test was abandoned for reasons of practicality at 30 min in children; in adult subjects the test was abandoned after 60 min. In these subjects, ability to taste saccharin was confirmed subsequently by placing a piece directly onto their tongue.
Collection of nasal lavage specimens
Nasal lavage fluid (NLF) was collected from the opposite nostril upon completion of the saccharin test using a technique described by other investigators [36] . Leaning forward, subjects had a soft, size-6 French gauge nasogastric tube (Meddis Ltd, Wallingford, UK) inserted into the nostril to a depth of 4 cm. The nasal cavity was then washed slowly with 4 mL of sterile phosphate buffered saline (Sigma, Poole, UK) and the effluent was collected in a sterile universal container held at the edge of the nostril.
Processing of the nasal lavage specimens
All nasal lavage specimens were immediately placed on ice. A sample of fluid was sent for routine microbiological culture (Clinical Microbiology Laboratory, Royal Brompton Hospital, London, UK). As soon as possible, specimens were centrifuged at 2,0006g for 15 min. The supernatant was divided into 1-mL aliquots and stored at -80uC for future analysis. Samples were subsequently analysed for interleukin (IL)-8 and tumour necrosis factor (TNF)-a by ELISA according to the manufacturer9s instructions (R&D Systems, Abingdon, UK).
Statistics
Data were nonparametrically distributed and are reported as median (interquartile range). For clarity, age data are presented as median (range). The Kruskal-Wallis test and the Mann-Whitney U-test (with corrections for multiple comparisons where appropriate) were used to compare groups and the null hypothesis was rejected at pv0.05. For the purposes of statistical analysis, subjects having failed to taste the saccharin by the cut-off times of 30 (children) or 60 (adults) min had times recorded as 30 or 60 min.
Results
Paediatric study
No difference was seen in MCC times between the children with CF (11 min (8-15) ) and those with no respiratory disease (11 min (9-16)), whereas those with PCD all had delayed MCC (w30 min; pv0.05 compared with both other groups; fig. 1 ). Within the CF group, there was no difference between subjects homozygous for the DF508 mutation and the rest of the group (D/D 11 min (9-24); other 11 min (6-13); p=0.6).
There was no evidence of excess inflammation in the CF NLF as assessed by levels of the neutrophil chemoattractant, IL-8 (CF 20.5 pg?mL -1 NLF (0-43.6); NRD 0 pg?mL -1 NLF (0-76.4); p=1.0; fig. 2 ). Interestingly, however, the group with PCD had significantly raised levels of IL-8 (304.8 pg?mL -1 NLF (102.8-512.3); pv0.01 compared with both other groups). NLF TNF-a was below the limit of detection in all samples. There was only one positive microbiological culture: Streptococcus pneumoniae from a child with PCD. The IL-8 level in this subject was not, however, amongst the highest in the PCD group at 244 pg?mL -1 .
Adult study
Twelve of the CF subjects (43%) fulfilled the criteria for chronic sinusitis (CS zve). They had significantly (pv0.02) longer MCC times (18 min (11.5-24)) than the 16 CS -ve subjects (14 min (6-16.8); fig. 3 ). However, NLF IL-8 was below the limit of detection in the majority of subjects, with no significant differences between CS zve (0 pg?mL -1 (0-38.8)) and CS-ve (0 pg?mL -1 (0-0)) adults ( fig. 4) . As in the paediatric study, TNF-a was undetectable in all samples. There were no positive microbiology cultures.
Discussion
Nasal MCC was assessed in an attempt to distinguish a primary, low ASL volume-driven impairment in MCC in CF subjects from a secondary effect of mucosal inflammation, such as that reported in subjects with sinonasal disease. Normal MCC in childhood, early in the course of CF, and impairment later, in adults with a history of CS, was demonstrated. Using the technique of nasal lavage, it could not be confirmed directly that slowing of MCC was related to an inflammatory process; levels of cytokines in NLF being mostly below the limits of detection. This may be due either to a technical problem, such as the variable dilution factor inherent in lavage sampling, or to the fact that the inflammation related to chronic sinus disease does not cause inflammatory proteins to be secreted onto the airway surface. However, these results suggest, at least for the large proximal extensively ciliated airways, that reduced ASL volume related to sodium and water hyperabsorption does not directly impact on MCC, and they provide some preliminary evidence to suggest that this may be due to inflammation. The data in support of low ASL as the triggering event for this cascade come mainly from in vitro and animal work. MATSUI et al. [3] reported that in highly differentiated cultured CF monolayers, ASL composition was normal, but rates of fluid absorption were increased. After 24-h culture, ASL volume was significantly depleted and rotational mucus transport had ceased on CF cells. TARRAN et al. [8] obtained murine nasal tissue after in vivo osmium tetroxide fixation and demonstrated a significant reduction in ASL height from 7 mm (the height of an extended cilium) in wild-type mice to less than 5 mm in CFTR tm1Unc CF mice. Interestingly, the authors also reported goblet cell meta-and hyperplasia, which they hypothesise was secondary to intermittent infection and inflammation caused by impaired clearance, although MCC was not measured. In a recent report, however, this group has reported normal MCC in both the upper and lower airways of CF mice [37] . ZAHM et al. [38] reported slower tracheal MCC in CFTR tm1Unc CF mice, but also showed significant inflammation in the lamina propria. These mice had not been exposed to infection, supporting the possibility of primary inflammation. In contrast, MCCRAY et al. [39] studied cultured tracheal epithelium from DF508 homozygous mice with a radiotracer technique and reported normal ASL height and composition. These mice did not have evidence of inflammation on bronchoalveolar lavage (BAL). Thus, these somewhat conflicting data, whilst largely favouring low volume ASL in CF, do not confirm that this abnormality in isolation sufficiently impairs MCC in humans to produce lung disease.
Human studies do not completely clarify the situation either. Direct measurements of ASL have proved extremely difficult clinically and, to date, no studies have measured ASL depth in situ in the human airway. Many groups have measured MCC in CF, both in the nose and the lung [40] ; the majority report that CF MCC is slow, but others found no impairment and, importantly, similar reductions in MCC rates have been reported in other pulmonary disease states, including non-CF bronchiectasis and asthma, suggesting a role for nonspecific mechanisms. None of the studies have focused on the early stages of CF disease, when the influences of infection and inflammation might be reduced, and thus the question of a primary versus a secondary impairment in MCC remains unanswered.
The choice of the nose for this study was based on several factors, including the relatively noninvasive nature of the test, the ability to study young children with ease, and, most importantly, the relative lack of pathology at this site, at least early in the course of the disease. Clearly, a limitation of this study is extrapolation of these findings to the distal airways, where CF disease is thought to begin. There are several possible reasons why either ASL volume, MCC or both, may differ at the two sites. First, both the epithelial cell composition and origin of ASL differ. Ciliated cells are less abundant in the distal airways, where they are interspersed with nonciliated epithelium, contrasting with the almost completely ciliated surface of the nose. ASL probably originates from the submucosal glands and sinuses in the nose, whereas in the distal airways, most probably arises from the bronchiolar epithelium itself or that of the alveolar region. Thus, it is possible that in the nose, the relatively large gland/ sinus output and the short distance for surface mucus clearance offsets the defect in the CF superficial epithelium for volume homeostasis. In contrast, in the bronchiolar region, the absence of glands, larger surface area and incompletely ciliated surfaces may demand more volume regulation by the superficial epithelium, and hence a greater expression of the defect in CF airways. A second possible explanation for the present findings is the release of nucleotides, including ATP, from airway epithelium in response to a variety of stimuli, such as airflow-induced sheer stretch [41] . These nucleotides initiate chloride and volume secretion, which was demonstrated in vitro to significantly increase ASL height. Thus, in contrast to the results generated in static air/liquid interface studies, ASL volume in vivo may be maintained in part by other mechanisms.
Lung studies of MCC in early childhood would contribute significantly to this area of research. However, the practicalities involved in such studies, including the requirement for cooperation in the inspiratory technique, the radiation and study times involved, and the ethical consideration of recruiting controls, have limited the majority of studies to older children and adults. Even in this cooperative group, the significant problems which have been reported, including coughing, lack of standardisation of particle deposition and differing methods of particle administration and image analysis, are likely contributors to the varying results in subjects with CF. Although advances are being made, including the development of three-dimensional scanning facilities, these are not, as yet, widely available. At present, it is unlikely that reliable data can be generated in children v7 yrs. It is well recognised that by this age, even apparently mildly affected CF patients have significant lower airway inflammation and infection [42, 43] , which would, therefore, confound a study of primary versus secondary MCC impairment.
These concerns led the current authors to examine MCC in the nose and to correlate these measurements with inflammation. Previous studies have confirmed the repeatability of the saccharin clearance technique in children and adults [20, 36, 44] , and this test is in clinical use in the present authors9 institution. Sinonasal disease is uncommon in young CF children and, in line with others [45] , the current authors did not show increased levels of the pro-inflammatory cytokine, IL-8, in nasal lavage samples. However, the majority of adult subjects, including those with histories suggestive of chronic sinus disease, also had low levels of this cytokine, highlighting possible limitations of the technique. Such limitations are well recognised, in particular the variable and uncertain yield of ASL volume. Some studies have utilised a dilution factor such as inulin for these purposes [46] , although this approach is also problematic and is no longer recommended in guidelines for BAL [47] , where similar concerns exist. Computed tomography scans were not used to assess sinus disease, due to the almost widespread opacities observed in older CF patients, likely related to obstruction [27] , and the ethical issues of imaging purely for research purposes. Similarly, nasal biopsy, which may have significantly aided identification of epithelial or subepithelial inflammation, was deemed excessively invasive for this study, particularly in the paediatric population. Thus, although the relationship with disease stage and history of sinusitis support the current authors9 hypothesis that impaired nasal MCC occurs secondary to inflammatory changes, further studies with increased numbers, strictly defined criteria for the diagnosis of sinus disease and more sensitive techniques to detect inflammation may be warranted. Such studies would also enable the possibility of extremely subtle derangements of MCC to be excluded in the paediatric CF cohort, for which this study may have been underpowered.
It was surprising to detect such high levels of IL-8 in the NLF of children with PCD, despite the fact that the majority had negative bacterial cultures. These children were initially recruited as positive controls for prolonged MCC and, although chronic rhinitis is a major feature of the disease [48] , nasal lavage studies have not, to the current authors9 knowledge, been previously reported. Despite the global defect in MCC, these patients are generally less severely affected than those with CF, possibly due to preservation of cough clearance, although very few data exist on the extent of airway inflammation. There has been a link with low levels of nitric oxide [49] , a molecule with known antibacterial properties, although this is also a feature of CF. Thus, this finding is currently unexplained and will be explored further in future studies.
In conclusion, the current study suggests that in the proximal, highly ciliated airways, defective cystic fibrosis transmembrane conductance regulator function alone does not impair mucociliary clearance. However, these findings may not be replicated in the distal, poorly ciliated small airways where cystic fibrosis pathology is thought to begin. Novel methodology to quantify mucociliary clearance and cough clearance in this site in young children or newborn infants before the onset of inflammatory changes, which may confound the picture, is urgently required. Understanding the sequence of events leading to early lung damage in cystic fibrosis infants could significantly influence the direction of development of new therapeutic approaches for this disease.
Appendix 1: Rhinosinusitis assessment
All CF adult subjects completed this questionnaire prior to undertaking the study. The investigator was blinded to its results. The diagnosis of chronic sinusitis (CS zve) was made if subjects reported two or more symptoms from questions 4-8 on most days for w6 months. 1. Do you suffer from hayfever? 
